Numerous functional imaging and electrophysiological studies in humans and animals indicate that the two contiguous areas of secondary somatosensory cortex (S2) and posterior insula (pIns) are core regions in nociceptive processing and pain perception. In this study, we tested the hypothesis that the S2-pIns connection serves as a hub for connecting distinct sensory and affective nociceptive processing networks in the squirrel monkey brain. At 9.4 T, we first mapped the brain regions that respond to nociceptive heat stimuli with highresolution fMRI, and then used seed-based resting-state fMRI (rsfMRI) analysis to delineate and refine the global intrinsic functional connectivity circuits of the proximal S2 and pIns regions. In each subject, nociceptive (47.5°C) heat-evoked fMRI activations were detected in many brain regions, including primary somatosensory (S1), S2, pIns, area 7b, anterior cingulate cortex (ACC), primary motor cortex, prefrontal cortex, supplementary motor area, thalamus, and caudate. Using the heat-evoked fMRI activation foci in S2 and pIns as the seeds, voxel-wise whole-brain resting-state functional connectivity (rsFC) analysis revealed strong functional connections between contralateral S2 and pIns, as well as their corresponding regions in the ipsilateral hemisphere. Spatial similarity and overlap analysis identified each region as part of two distinct intrinsic functional networks with 7% overlap: sensory S2-S1-area 7b and affective pIns-ACC-PCC networks. Moreover, a high degree of overlap was observed between the combined rsFC maps of nociceptive S2 and pIns regions and the nociceptive heat-evoked activation map. In summary, our study provides evidence for the existence of two distinct intrinsic functional networks for S2 and pIns nociceptive regions, and these two networks are joined via the S2-pIns connection. Brain regions that are involved in processing nociceptive inputs are also highly interconnected at rest. The presence of robust and distinct S1-S2-area 7b and pIns-ACC-PCC rsFC networks under anesthesia underscores their fundamental roles in processing nociceptive information.
Introduction
With data from three decades of functional studies (including fMRI, PET, EEG, and MEG) in humans, it is now commonly accepted that the complex and multi-dimensional experience of pain is represented by coordinated activities of multiple cortical regions, including primary somatosensory cortex (S1), secondary somatosensory cortex (S2), primary motor cortex (M1), insula cortex, thalamus, anterior cingulate cortex (ACC), and prefrontal cortex (PF) (Apkarian et al., 2005; Bornhovd et al., 2002; Casey, 1999; Chen, 2001; Haefeli et al., 2014; Kwan et al., 2000; Peyron et al., 2000) . What remains elusive is how these different brain regions interact to generate this complex pain experience. Advanced MRI studies of patients in various chronic pain conditions have led to exciting discoveries of profound anatomical and functional abnormalities in many of these brain regions, either as individual areas or as part of a network (i.e., connections between http://dx.doi.org/10.1016/j.neuroimage.2017.04.067 Received 26 December 2016; Accepted 27 April 2017 regions), which supports the idea that dysfunctions of different brain networks contribute to chronic pain symptoms (Apkarian et al., 2005 (Apkarian et al., , 2001 May, 2008; Napadow et al., 2010) . Many research efforts have now been devoted to exploring abnormality of functional connectivity within and across different brain networks (e.g., sensorimotor or default mode network) in chronic pain conditions using resting state fMRI (rsfMRI) signals (Baliki et al., 2008; Davis and Moayedi, 2013; Malinen et al., 2010; Napadow et al., 2010) .
To date, rsfMRI has become a predominant method for identifying and parcellating intrinsic functional connectivity networks (Fox and Greicius, 2010; Greicius et al., 2003; van den Heuvel and Pol, 2010) . To facilitate clinical chronic pain research and help interpret rsfMRI findings, it is necessary to first parcellate and refine intrinsic functional connectivity networks of the normal pain system, and then to explore the underlying neural electrophysiological basis of rsfMRI signals. RsfMRI defines the functional connectivity at resting-state (rsFC) by quantifying the temporal correlation between spatially remote brain regions when the subject is not performing an explicit task (Biswal et al., 1995) . Animal studies, particularly those using non-human primates and invasive procedures, have provided strong evidence validating the use of rsfMRI signals in probing inter-regional neural functional connectivity (Hutchison et al., 2013; Margulies et al., 2009; Scholvinck et al., 2010; Vincent et al., 2007; Wang et al., 2013) . For example, our group and others have shown that S1 and visual cortices of monkeys display synchronized fluctuations of rsfMRI signals with other brain regions, which have been shown to correlate closely with fluctuations in spontaneous local field potentials or spiking activity in an anatomically constrained manner (Shmuel and Leopold, 2008; Wang et al., 2013) . Building upon these advances, the present study aims to parcellate the whole-brain intrinsic functional connectivity networks of nociceptive systems of monkeys, with a primary focus on S2 and posterior insula (pIns) regions that reside along the upper bank of the lateral sulcus in monkeys (i.e., the homologous region with the operculoinsular along the Sylvian fissure of the human brain).
We focused this study on the intrinsic functional circuits of S2 and pIns. It has been technically challenging to define and separate these two regions with high confidence in human fMRI studies, due mainly to their close spatial proximity in conjunction with the imaging resolution typically employed (Garcia-Larrea et al., 2003; Sawamoto et al., 2000; Vogel et al., 2003) . In many of the pain imaging studies, the S2 (part of parietal operculum) and pIns are not readily separable, and are often considered a single functional entity (Garcia-Larrea et al., 2003; Iannetti et al., 2005; Peyron et al., 2002; Vogel et al., 2003) . The uncertainty in localizing pain-related regions in the operculoinsular region, along with the lack of refined functional connectivity networks of nociceptive S2 and pIns regions, motivated us to conduct a similar study in monkeys. Thus, in this study, we first defined nociceptive regions with noxious heat stimulation, and then parcellated functional networks using rsfMRI signals on an individual subject basis. We also performed cluster tree analysis to determine the hierarchical organization of the rsFC networks. We identified two distinct intrinsic functional networks for S2 and pIns nociceptive regions, and found close relationships between the nociceptive processing network and rsFCs of these two regions.
Methods and materials

Animal preparation
Four adult male squirrel monkeys (Saimiri sciureus) were included in this study. For the fMRI experiments, animals were initially sedated with ketamine hydrochloride (10 mg/kg) and atropine sulfate (0.05 mg/kg), and then anesthetized with isoflurane (0.7-1.2%) delivered in a 70:30 N 2 O/O 2 mixture. After intubation, the animal was placed in custom-designed MR cradle with the head secured by ear bars and head bars. During functional MRI data acquisition, animals were maintained at a light (0.5-0.8%) and stable level of anesthesia. A solution of 2.5% dextrose in saline solution was infused intravenously (3 ml/kg/h) to prevent dehydration. Animals were artificially ventilated to maintain an end-tidal CO 2 of 4%. Rectal temperature was maintained (SA Instruments) between 37.5°C and 38.5°C by means of a circulating water blanket. Heart rate and peripheral capillary oxygen saturation (SpO2; Nonin), respiration pattern and EKG (SA Instruments), and end-tidal CO 2 (22-26 mmHg; SurgiVet) were continuously monitored during the entire procedure. In 90% of our imaging runs, the heart rate was stable, with changes < 10 bpm during the stimulation. SpO2 was usually very stable, as well, staying at > 95% during the entire experiment. All procedures were conducted in accordance with National Institutes of Health and ARRIVE guidelines, and were approved by the Institutional Animal Care and Use Committee of Vanderbilt University.
Stimulation protocol
The fingers were stabilized with modeling clay, palm side up, leaving the glabrous skin of the distal finger pads available for stimulation. Noxious heat stimuli were presented on distal finger pads of D2 and D3 (right hands in three monkeys, and left hand in one monkey), and delivered via a CHEPS thermal probe with rapid heating rate of 70°C/s (Medoc Advanced Medical Systems). For each fMRI noxious heat (47.5°C) stimulation run, 21 s duration blocks of 47.5°C heat were repeated nine times with 30 s baseline (32°C) periods in between.
MRI data acquisition and analyses
All MRI scans were performed on a 9.4 T 21 cm narrow-bore MRI scanner (Varian Medical Systems) using a quadrature birdcage volume coil (inner diameter=85 mm, Doty 85) centered over the brain. A series of T2*-weighted multi-slice gradient echo high-resolution structural axial images (TE=10 ms, TR=500 ms, 0.125×0.125×1 mm 3 voxel size, 512×512×28 matrix) were collected. FMRI data were acquired from the same slices using a two-shot gradient echo planar imaging (GE-EPI) sequence (TE=16 ms, TR=1.5 s, 1×1×1 mm 3 voxel size, 64×64×28 matrix, 3 s/volume, interleaved slices, linear K space filling). An extra navigator echo was collected with no phase encoding prior to acquisition of the actual image data. This echo is used to correct for phase variations typically caused by motion. FMRI data with and without heat stimulation were collected with the same functional imaging acquisition parameters. In a typical fMRI session (day), 8-12 stimulation and 3-4 resting-state runs (170 volumes per run) were acquired. A total of five imaging sessions were performed (one monkey underwent two imaging sessions). Specifically, 12, 5, 8, 9 , and 1 stimulation runs and 4, 3, 4, 3, and 1 rsfMRI runs were acquired from Monkey SM-HAZ (sessions 1 and 2), SM-GAL, SM-SUL, and SM-SUP, respectively.
Functional EPI data (stimulus and resting-state) were pre-processed with slice timing and head motion correction (3dTshift, AFNI), and physiological noise correction using RETROICOR algorithm (3dretroicor, AFNI) (Glover et al., 2000) . For image quality control, datasets with motion artifacts of head rotation > 0.3 degree or/and head translation > 0.2 mm (1/5 voxel size) were excluded from the subsequent analyses and quantification. To preserve the highest resolution possible, no spatial smoothing was applied. The stimulusevoked EPI data were temporally smoothed with a low-pass filter with a 0.25 Hz cutoff frequency, and the rsfMRI data with a 0.1 Hz cutoff frequency (3dFourier, AFNI). Activation maps were created by voxelwise analysis, using the Hemodynamic Response Function (HRF) convolved with the stimulus presentation paradigm (3dDeconvolve, AFNI). Activation map (FDR corrected, p < 0.05) was generated for each run. Group (multiple runs) activation maps were created by t-test performed on β value of each run across multiple runs obtained within the same imaging session, and then displayed as statistical t-value maps (with a threshold of t-value=2, p < 0.05). BOLD fMRI signal time courses were extracted from a peak voxel in each area of S2 and pIns to quantify the amplitudes of BOLD responses to stimuli in each run, and then averaged across multiple runs and across animals. EPI data were up-sampled from 64×64×28 to 128×128×28 matrix, and co-registered on corresponding T2-weighted high-resolution anatomical images using a linear image registration tool (flirt, FSL) for display.
Seed-based rsfMRI analysis was performed to determine the intrinsic functional connectivity network of nociceptive S2 and pIns regions in each animal. The activations were identified by overlaying the group heat-evoked activation map on three reconstructed image planes (sagittal, axial, and coronal) generated from multiple runs on the anatomical MR image of the same subject, while referencing the histology sections (http://neurosciencelibrary.org/specimens/ primates/squirrelmonk/), atlas, and anatomical papers of squirrel and macaque monkeys (Gergen and MacLean, 1962; Jones and Burton, 1976; Saleem and Logothetis, 2012) . The selections of S2 and pIns seeds were based upon different local maxima (i.e., voxels showing strongest responses to nociceptive stimuli) within each of the anatomically defined S2 and pIns regions. Each correlation coefficient (r value indicating the strength of rsFC) map was generated using one to two voxels as a seed. Whole brain voxel-wise correlation analysis was performed (3dfim, AFNI) by using filtered rsfMRI signals extracted from S2 and pIns seeds as the predictors for each run. Multiple-run averaged group correlation coefficient maps of S2 or pIns seeds were calculated and displayed (threshold r-value > 0.2, p < 0.05) with warm color indicating high correlation value (e.g., Fig. 2A & B) . For illustration purposes, only image slices with significant activations and correlation foci were displayed. The hemisphere on the same side as the stimulation was defined as the ipsilateral hemisphere, while the opposite was labeled as the contralateral one.
Similarity analysis of the functional connectivity pattern
To quantify the relationship or similarity between activation map and rsFC networks, two analyses (i.e., spatial correlation coefficient (SCC), and overlap percentage) were performed. For both SCC and overlap percentage calculations, only multi-run group rsFC maps (thresholded at r > 0.2) and activation maps (thresholded at t > 2) were used. Four pairs of maps from the same session were compared to determine the relationships between: S2 and pIns rsFC maps (rS2|rpin, n=30 pairs), S2 rsFC and activation map (rS2|activ, n=10 pairs), pIns rsFC map and activation map (rpin|activ, n=12 pairs), and combined S2-pIns intrinsic map and activation map (comb|active, n=30 pairs). Combined rsFC map of S2 and pIns (comb) was derived by linearly conjoining of two rsFC maps. We typically chose 2-3 seeds at or around the activation peaks of S2 and pIns for deriving rsFC maps. Only the sessions with more than 3 runs were included in the SCC and overlap percentage analysis. One subject (SM-SUP) was excluded in the analysis, because only one resting-state and one stimulation runs were acquired. In total, rsFC maps of ten S2 and twelve pIns seeds from three subjects were included in the quantification (SM-GAL: 3 S2 and 3 pIns seeds, SM-SUL: 3 S2 and 3 pIns seeds, SM-HAZ session 1: 2 S2 and 3 pIns seeds, and SM-HAZ session 2: 2 S2 and 3 pIns seeds).
The method of generating SCC values was adopted from published studies (Ramsden et al., 2001; Xu et al., 2003) . Briefly, SCC values are computed on a voxel-by-voxel basis by converting activation and correlation coefficient maps into binary format maps in which the value of a single voxel is either 1 (above threshold) or 0 (below threshold). In a comparison of two different maps, a given voxel must belong to one of the four categories: [1,1], [1, 0] , [0,1], and [0,0] . N [1, 1] , N [1, 0] , N [0, 1] , and N [0, 0] 
Based on the number of voxels include in this analysis, SCC values greater than 0.15 are considered highly significant (p < 0.001). To measure the overlap percentage of two different maps, one map was overlaid onto another, and the percentage of voxels presented in both maps over those presented in either map separately was calculated. The range of overlap percentage between two maps is from 0 to 1. SCC and overlap percentage results are presented as mean ± standard error (SE) (Fig. 4) . Unpaired t-tests were performed to compare the SCC and overlap percentage differences between different maps. A p-value below 0.05 was considered statistically significant.
Inter-regional correlation and hierarchical cluster analysis
To investigate the relationships between different regions within S2 and pIns rsFC networks, inter-regional correlations were then calculated. Twelve regions (ipsilateral and contralateral ACC (iACC, cACC), posterior cingulate cortex (iPCC, cPCC), pIns (ipIns, cpIns), area 7b (i7b, c7b), S2 (iS2, cS2), and S1 (i3a/b, c3a/b)) that showed the most consistent and reproducible activation to nociceptive heat stimuli and rsFC to S2 or pIns regions were chosen for inter-regional correlation coefficient analysis. Specifically, Pearson correlations among the twelve main cortical regions within these two networks were calculated on a single-voxel basis. A 12 × 12 region-region correlation matrix was generated using the highest correlation coefficient value of each specific region-region pair. Averaged inter-regional correlation coefficients (rvalues) with their corresponding standard error (SE) was calculated across all of the 15 rsfMRI runs from 4 animals and 5 sessions, and are presented as matrix plots in Fig. 5 .
We lastly investigated the hierarchical relationship among all cortical regions of the two intrinsic nociceptive networks by using a hierarchical clustering method (Edelbrock and McLaughlin, 1980; Johnson, 1967) . Clustering was based on time courses of different regions, and was determined using the correlation metric and weighted average linkage (WPGMA) clustering criterion. Dendrogram plots of the hierarchical binary cluster trees were generated among three groups of regions: all twelve regions, ten regions excluding the bilateral pIns, and ten regions excluding bilateral S2 (Fig. 5C ). On the tree graph, the length of each U-shaped line represents the distance between the connected regions.
Results
Nociceptive heat-evoked fMRI responses
Nociceptive heat-evoked fMRI responses were first investigated in the whole brain of squirrel monkeys. Heat (47.5°C) stimulation of D2 and D3 of the right hand evoked robust and wide-spread fMRI activations in many cortical regions, including bilateral area 3a/3b and area 1/2 of S1 (slices 5-6, 10-11), bilateral S2 (slices 10-14), bilateral pIns (pin, slice 14), bilateral posterior parietal cortex (Pari, slices 8-10), ipsilateral auditory cortex (Aud, slices 11-12), ipsilateral primary motor cortex (M1, slice 2), ACC (slices 7-9), pre-supplementary motor area (preSMA, slice 5), supplementary motor area (SMA, slice 5), caudate (slice 13), thalamus (slice 18), and prefrontal cortex (PF, slice 8) (Fig. 1A) . Stimulus-evoked BOLD signal changes were exacted from each activated region, and the peak signal changes ranged from 0.19 ± 0.03% to 0.37 ± 0.03% (Fig. 1B) . The strongest response was observed in ipsilateral area 7b (i7b), whereas the weakest response was observed in contralateral pIns (cpin). Even though the S2 and pIns activation foci are located in very close proximity, they are apparently separable (see the two peak foci in the insert of slice 14). To illustrate these two foci clearly, a smoothed mesh and contour plot of the activation was presented in Fig. 1C . Mean BOLD time courses extracted from S2 and pIns regions showed robust stimulus-evoked signal changes (Fig. 1D , red line indicates S2 and blue line indicates pIns). Voxels within the heat-evoked S2 and pIns fMRI activation foci (black squares within orange outline in Fig. 1C left image) were used as the seeds in the next step of voxel-wise whole-brain rsFC analysis. The composite map (right image in Fig. 1C ) shows the spatial relationship of the selected S2 and pIns seeds, along with the corresponding anatomical territories of S2 and pIns regions, as defined by the atlas (see the orange and light blue patches in Fig. 1C right image) .
Distinct intrinsic rsFC maps of nociceptive S2 and pIns regions
Seed-based whole-brain voxel-wise correlation analysis revealed two distinct rsFC networks of S2 and pIns regions that were responsive to nociceptive heat stimuli. We found that the contralateral S2 seed (slice 14, Fig. 2A ) in the same representative subject shown in Fig. 1 exhibited robust functional connectivity to ipsilateral S2 (slices 12-15), bilateral area 3a/3b and area 1/2 of S1 (slices 12-14), bilateral area 7b (slice 5), bilateral pIns (slices 13-14), and bilateral Pari (slices 8-9), with moderate connectivity to ACC (slices 8-9) ( Fig. 2A) . In contrast, the contralateral pIns seed (slice 14, Fig. 2B ) showed strong connectivity to ipsilateral pIns (slices 15-16), bilateral Pari (slices 8-9), ACC (slices 8-10), and PCC (slices 9-10), as well as moderate connectivity to bilateral S2 (slice 14), bilateral area 7b (slice 6, 8), PF (slice 6), contralateral M1 (slices 4-6) and Aud (slice 14) (Fig. 2B) . The enlarged views of the local correlation patterns in S2 and pIns regions illustrate their close but separated local correlation profiles in S2-rsFC (Fig. 2C  right) and pIns-rsFC maps (Fig. 2D left) . Smoothed mesh and contour plots of the S2 and pIns r-value distributions also show S2 and pIns are apparently separable in both S2- (Fig. 2C ) and pIns-rsFC maps (Fig. 2D) .
Similar rsFC patterns were observed in the other three monkeys; two cases are presented in Fig. 3 . The same method was used to identify the S2 and pIns seeds (Figs. 3A & D) . Again, strong connectivity of the S2 seed to ipsilateral S2, bilateral S1 (areas 3a/3b and 1/2), bilateral 7b, and bilateral pIns were observed in both monkeys (SM-HAZ: Fig. 3B ; and SM-GAL: Fig. 3E ). Strong connectivity of the pIns seed was detected among ipsilateral pIns, bilateral S2, (Gergen and MacLean, 1962, Saleem et al., 2012) overlaid on a structural MRI image. Bottom left image shows the corresponding outlines of parcellated regions overlaid on a functional EPI image. Right image illustrates the overlaid heat activation clusters in both hemispheres: activation outlines (Acti-R, orange lines), S1, S2 and pIns regions (solid color patches) and the seeds in S2 and pIns (small black squares). area 7b, and ACC (SM-HAZ: Fig. 3C ; SM-GAL: Fig. 3F ). The intrinsic networks of S2 and pIns identified in these two subjects were similar to the case presented in Fig. 2 .
Interestingly, most of the regions showing strong rsFC to S2 and pIns heat nociceptive regions (i.e., bilateral S2, bilateral pIns, bilateral S1, bilateral area 7b, and ACC) also showed strong responses to nociceptive stimulation (compare Fig. 1A with Fig. 2) . The presence of nociceptive-stimulus responsive M1, thalamus, and FC regions within the S2 and pIns rsFC networks was more variable, and was only detected in the pIns rsFC network in one monkey (SM-HAZ, Fig. 2B ). Thus, these three regions were excluded in the next step of similarity analysis. 
Similarity between nociceptive heat-evoked activation map, S2 and pIns intrinsic rsFC networks
We conducted SCC analysis to examine the extent to which the three different maps (or networks) of rsFC of nociceptive S2 and pIns regions overlap or differ from each other, and how each compares to the nociceptive heat activation map. It is notable that many of the regions were identified repeatedly in these three networks, but the overall rsFC patterns of the S2 and pIns seeds looked quite different. Therefore, SCC and overlap percentage were calculated to quantify similarities between different functional maps (networks) (Fig. 4) . High SCC values indicate high similarity between two maps. First, we found that the SCC value between S2 and pIns rsFC maps was small (SCC=0.106 ± 0.010), indicating low similarity between these two rsFC networks (left column in Fig. 4A ). In contrast, the SCC values of rS2|active (SCC=0.293 ± 0.073), rpin|active (SCC=0.209 ± 0.030), and comb|activ (SCC=0.199 ± 0.014) were greater than 0.15 (Fig. 4A ), which were highly significant (p < 0.001, the SCC values tracks with the χ 2 statistic). SCC value was the highest between the heat activation and S2 rsFC maps. However, there were not significant differences between the heat activation map and S2 (rS2/active), pIns (rpin| active), or combined (comb|active) rsFC maps (the right three columns in Fig. 4A ). Importantly, the SCC values of these three pairs (rS2|active (p=1.28×10 )) were significantly higher than that of rS2|rpin (unpaired t-test, Fig. 4A ). These observations indicate that there were significant similarities (or comparability) between the heat-evoked activity map and the three rsFC maps.
The overlap percentage was 7.2 ± 0.6% for rS2|rpin, 9.0 ± 0.7% for rS2|active, 7.2 ± 0.9% for rpin|active, and 12.7 ± 0.4% comb|active. However, the overlap of the comb|active was significantly higher than those of rS2|rpin (p=1.02×10 -11 ), rS2|active (p=6.05×10 −5 ), and rpin| active (p=2.17×10
−8
, unpaired t-test, Fig. 4B ). This significantly increased overlap of the comb|active indicates that the shared overlap region among all three maps is small/partial, or the individual networks are more independent, so additions of independent networks of S2-rsFC (rS2) or pIns-rsFC (rpin) increases the overlap. Together, these results show that the rsFC maps of S2 and pIns heat nociceptive regions showed high similarities with the heat-evoked activity map, and the combined rsFC map of S2 and pIns overlapped markedly with the activity map.
Hierarchical organization of regions within rsFC networks of nociceptive S2 and pIns
To determine whether and to what extent nociceptive S2 and pIns regions belong to different functional cortical networks, we performed pair-wise inter-regional rsFC and hierarchical cluster tree analyses between all possible pairs of the ROIs that exhibited either strong fMRI response to nociceptive-heat stimuli or strong rsFC to either or both nociceptive S2 and pIns regions, including bilateral S2, bilateral pIns, bilateral area 3a/3b, bilateral area 7b, bilateral ACC, and bilateral PCC. The 12×12 matrix plot of the group averaged inter-regional correlation coefficients (r-values) showed a fixed pattern of strong rsFC among subgroups of regions (see each groups outlined by dotted red lines in Fig. 5A ). Three main clusters are identified within the matrix. The strongest connections were observed between bilateral ACC, and between bilateral PCC (dark red patches between iACC-cACC, and between iPCC-cPCC in Fig. 5A ). The second strongest connections were found between pIns and S2 seed regions in the same hemisphere (orange patch between iS2-ipin, and yellow patch between cS2-cpin in Fig. 5A ). The third strongest connections were identified between bilateral pIns, area 7b, and S2 regions (green patches in Fig. 5A ), indicating strong inter-hemispheric connections. Bilateral area 3a/3b also exhibited strong connectivity (see blue-green patches in Fig. 5A ). The functional connectivity between ACC and PCC was moderate (light blue patches in Fig. 5A ). The corresponding matrix plot of the standard errors of the inter-regional correlation matrix was presented in Fig. 5B , and showed very little across-region variations.
For hierarchical cluster tree analysis, the WPGMA distance measure was derived to rank the strength of the inter-regional rsFC. The dendrogram plots of all twelve regions (Fig. 5C, left) showed that the distances between bilateral ACC and between bilateral PCC were shortest, and then between ipsilateral S2 and pIns, between contralateral S2 and pIns, between bilateral 7b, and then between bilateral area 3a/3b. To separate the potential influences of S2 and pIns seeds on each other's whole-brain network, we performed an additional analysis where either the S2 or pIns seed was excluded. Bilateral S2, bilateral area 3a/3b, and bilateral area 7b regions were clustered (strongly connected) when bilateral pIns were not in the network (Fig. 5C, middle) . Bilateral pIns, ACC, and PCC were clustered when bilateral S2 were not in the network (Fig. 5C, right) .
Together, the connection between ipsilateral S2 and pIns was the strongest. Two separate rsFC networks of pIns-ACC-PCC and S2-S1-7b were identified. These two networks were joined together by the S2 and pIns connection. Fig. 6 illustrates these two different functional networks (Fig. 6A) and their relationship (Fig. 6C ).
Discussion
Refined nociceptive information process networks in non-human primate brain
The motivation to study nociception in non-human primates lies in their close resemblance to humans regarding brain structure and functions, as well as the fact that determination of their brain regions is based on multifactorial features, including cytoarchitectonic characteristics, neuronal response and receptive field properties, and anatomical connections. Availability of ultra-high MRI field permits fine-scale mapping of nociceptive processing regions and functional networks by simultaneously mapping and localizing pain (or non-pain) related activities throughout the entire brain at millimeter resolution within a single imaging session. This data acquisition strategy eliminates the imaging alignment errors, therefore drastically increasing the spatial precision for localizing stimulus-evoked brain responses and identifying seeds. As a demonstration of the effectiveness of our approach, we have detected nociceptive heat stimuli-evoked fMRI responses in S1 (areas 3a/3b and 1/2), S2, pIns, M1, SMA, ACC, dorsal PF cortices, thalamus (medial-dorsal and ventral-lateral nuclei), caudate, and amygdala in squirrel monkey brains under light anesthesia. Among these regions, fMRI responses in amygdala were relatively weaker and more variable across runs and animals. These findings are generally consistent with those reported in human fMRI studies (Bornhovd et al., 2002; Frot et al., 2013; Kwan et al., 2000; Oshiro et al., 2007; Peyron et al., 2000) , as well as our previous fMRI stuides of the central and lateral sulci in monkeys (Chen et al., 2011 (Chen et al., , 2012 . Taking one step further, we are able to localize nociceptive heat stimulievoked responses to bilateral area 7b and posterior parietal cortices. Fairly robust activation was also detected in auditory cortex. We attribute this response to the activation in pIns, since pIns is known to participate multi-sensory functions and may have connections to the auditory cortices (Bamiou et al., 2003; Renier et al., 2009; Rodgers et al., 2008) . Motor (and supplementary motor) activation is commonly observed in awake humans (Apkarian et al., 2005; Baliki et al., 2009; Peyron et al., 2000; Price., 2000) and anesthetized animals (Chen et al. 2011 ) during painful stimulation. We interpret the motor activation via direct connections between M1 and S1 cortices (Pavlides et al., 1993; Petrof et al., 2015) . The response could relate to the suppressive effect from S1 or other sensory cortices. However, fMRI signals are not capable of differentiating excitatory and inhibitory activity, because both activities increase energy consumption that leads to fMRI signal increases. One note is that our experimental setting of digit stimulation makes it hard to localize fMRI activation to S2 or PV (parietal ventral) sub-regions within the traditionally defined secondary somatosensory cortex (S2) without detailed electrophysiological map. Digits are presented as digit-to-digit somatotopic organization at the border of S2-PV (Coq et al., 2004) , so digit stimulation-evoked fMRI activations merge together. Thus, here we use S2 to indicate the S2/PV region.
These findings are significant. First, the detection of nociceptive fMRI responses under light anesthesia in widely distributed brain regions beyond the sensorimotor cortices, particularly in high order PF and ACC, indicates that these brain regions are engaged in nociceptive processing (or at least showed nociceptive stimulus-related fMRI signal changes) without consciousness. Indeed, pain-avoidance neurons have been identified in the ACC of monkeys (Koyama et al., 2001 (Koyama et al., , 1998 . Second, detection of robust and consistent heat-evoked fMRI activation in multiple closely localized lateral sulcus areas (i.e., S2, area 7b, and pIns) further supports the critical role of this S2-pIns circuit, which is homologous with the operculum-posterior insula region in the human brain, in nociception in primates. Nociceptive neurons, nociceptive heat-evoked field potential changes, and fMRI signals have been observed in monkey brain area 7b, pIns, and surrounding S2 (Chen et al., 2012; Chudler et al., 1986; Dong et al., 1994 Dong et al., , 1996 , for a review see Treede et al. (2000) ). Certainly, further investigations of neuronal activity and anatomical connection with invasive means in these regions are needed to fully appreciate the specific roles of these regions in individual processing, as well as processing as part of a functional network.
Two distinct intrinsic pain-related functional networks joint via S2-pIns connection
We focused this first study in S2-pIns region for two main reasons. First, S2 (homologous with the parietal operculum in the human brain) and pIns are central regions in pain perception. For example, both regions (also termed the operculoinsular region along the Sylvian fissure in humans) have been proposed as early pain-specific processing regions, and have been linked to subjective recognition of pain (Maihofner et al., 2006; Peyron et al., 2002; Strigo et al., 2005; Timmermann et al., 2001; Treede et al., 2000) , encoding of pain intensity (Petrovic et al., 2000; Peyron et al., 1999; Timmermann et al., 2001) , learning and memory of pain-related events (Dong et al., 1994; Ploner et al., 1999; Treede et al., 2000) , and possibly the generation and maintenance of chronic pain states in humans ( (Coghill et al., 1999; Coghill et al., 1994; Derbyshire et al., 1997; Gelnar et al., 1998; Greenspan et al., 1999; Kim et al., 2007; Mazzola et al., 2006; Meyer et al., 1991; Morrow and Casey, 1992; Talbot et al., 1991; Torquati et al., 2002) ; for reviews, see Apkarian et al. (2005) , Treede et al. (2000) ). PIns, as a part of the broadly defined operculoinsular region, has also been implicated as a pain-specific cortical region, even though its role remains debatable due to the lack of specificity of fMRI signals (Davis et al., 2015; Segerdahl et al., 2015) . Although the rsFC networks of the insula and its subdivisions (i.e., anterior, middle and posterior pIns) have been explored in humans (Cauda et al., 2011; Deen et al., 2011; Taylor et al., 2009 ), its specific relationship to the S2 pain network have not been fully explored. Partially due to their close proximity along the Sylvian fissure, S2 and pIns regions are usually hard to separate with high confidence using functional signals. One unique advantage of studying the nociceptive processing circuits of S2 and pIns in monkeys is that the definition of cortical regions is based on not only the cytoarchitectonic features of the tissue, but also on anatomical and functional connections, as well as neuronal response features. We do not think the strong S2-pIns connection resulted from their close spatial proximity for the following two reasons. First, our previous rsfMRI studies of local meso-scale cortical networks have demonstrated that the strength of the inter-regional rsFC is determined primarily by their functional similarity, not their spatial proximity. For example, our previous resting state fMRI study of S1 sub-regions have shown that, even though the distance between digit regions area 3a and 1 is two times larger than that between areas 3b and 1, their rsFC strengths were comparable (Wang et al., 2013) . Second, the two stimulus-evoked activation peaks (Fig. 1C) and local rsFC profiles (Fig. 2C-D ) in S2 and pIns regions are clearly separable, indicating that the resolution at 9.4 T used in this study is adequate for differentiating these two functionally distinct regions. We think the increased fMRI signal-and contrast-noise ratios allowed us to functionally localize S2 and pIns regions in monkeys, and then map their rsFC networks with improved spatial precision.
One novel finding of the present study is the identification of two distinct and hierarchically organized functional circuits of S2 and pIns, based on the strength of resting state inter-regional functional connectivity. Our lab and others have demonstrated that rsfMRI signals are robust and reliable in identifying and parcellating functional connectivity networks in anesthetized monkeys (Hutchison et al., 2013; Shmuel and Leopold, 2008; Vincent et al., 2007; Wang et al., 2013) . By taking advantage of the high signal-and contrast-noise ratios of rsMRI signals at 9.4 T, we successfully parcellated the intrinsic networks of S2 and pIns nociceptive regions by selecting the seed regions that responded to nociceptive heat stimuli in each individual subject. This approach is effective, because it permits reliable identification of nociceptive processing regions and reduction of inter-subject variability. Importantly, our spatial similarity and overlap analyses of rsFC maps support the existence of two distinct intrinsic functional circuits with minor overlap (~7%): S2-S1-area 7b and pIns-ACC-PCC. Building upon the known functions of these regions in the representation of pain, we propose that S2-pIns serves as a hub that connects sensory and affective nociceptive networks.
High spatial correspondence between nociceptive activation and rsFC networks of S2 and pIns regions Another interesting finding of this study is the high degree of spatial similarity and overlap between the combined rsFC map of S2/pIns and the nociceptive heat activation map in the whole brain of monkeys. This finding is consistent with our previous observations within S1 cortex, and supports the notion that cortical regions engaged in the same function (e.g., nociceptive input processing) are intrinsically connected at rest. The observation of significantly increased overlap between the combined S2-pIns/rsFC network and activation map (Fig. 4B ) supports that the networks of S2-rsFC are fairly independent, so the shared overlap region among all three maps is small/partial. We showed here again that rsFC is a powerful measure for probing intrinsic functional circuits within the central nervous system (Biswal et al., 1995; van den Heuvel and Pol, 2010) . To our knowledge, our observation is the first demonstration of close spatial correspondence between combined rsFC networks of S2/pIns and the nociceptive heat processing networks in the non-human primate brain. The core network includes sub-regions of S1, S2, area 7b, pIns, and ACC. PCC is the only region shown to be part of S2-pIns rsFC network, but not a part of the information processing network (i.e., heat activation map). In humans, pIns has also been shown to exhibit strong rsFC to S1 and S2 cortices (Wiech et al., 2014) . Although the emerging evidence supports the engagement of area 7b (part of inferior parietal cortex in primates) in nociception, the specific function of area 7b and its position within the S2-pIns networks need to be further explored with invasive means. We now have ongoing fMRI-guided microelectrode recording studies aiming to further explore the specific information encoding functions of these lateral sulcus regions and the underlying neural electrophysiological basis of the S2-pIns rsFC signals. Together, the present study has confirmed and extended our previous finding of refined tactile and nociceptive processing within S1 cortex (Chen et al., 2012; Chen et al., 2001 Chen et al., , 2007 into the whole-brain nociception network. The high correspondence between stimulus-evoked and rsFC patterns underscores the potentials of using rsfMRI signals to parcellate functionally specific brain circuits. In summary, our findings of strong S2-pIns functional connection are aligned well with the observation in humans using the same rsfMRI signals (Wiech et al., 2014) . Delineation of these two fine-scale functional circuits has refined the understanding of nociceptive processing networks in primates, and will form the functional network foundation for future investigations to understand the specific functions of each network in both animals and humans.
Implications of nociceptive heat evoked fMRI signals changes in ACC and PF cortices in anesthetized monkeys ACC and PF engage in human pain perception. ACC is linked to the affective processing of pain, and also likely serves as an important relay station in descending inhibitory control of pain (Bingel et al., 2006; Lieberman and Eisenberger, 2015; Qu et al., 2011; Rainville et al., 1997; Rance et al., 2014; Russo and Sheth, 2015) . PF has been proposed as a modulatory area for pain (Hardy and Haigler, 1985; Jahn et al., 2016; Lorenz et al., 2003; Nardone et al., 2017; Wiech et al., 2006) . Nevertheless, detection of nociceptive heat-evoked fMRI signal changes in these two cortices (ACC and PF), as well as their robust functional connections to the pIns region under anesthesia, further supports their fundamental roles in nociceptive information processing without consciousness. Activity captured by fMRI signals likely reflects the basic neurobiology processes that eventually lead to conscious pain perception in alert subjects. Studies have shown that introduction of anesthesia does not abolish neural electricity, but rather predominantly alters the frequency compositions of the electrical signals and reduces the integration and synchrony of electrical activity (Breshears et al., 2010; Hudetz, 2012; Shulman et al., 2009 ). The synchronized low frequency fMRI signal fluctuations in these high order brain regions could very likely relate to the baseline spontaneous neuronal activity that are known to consume energy (Hutchison et al., 2013; Liang et al., 2012; Shulman et al., 2009) . Building upon this evidence, we believe our findings are not products of physiological noise, and we attribute our findings to the utilization of light isoflurane anesthesia and careful maintenance of physiological condition to reduce signal variation during fMRI data acquisition. We believe the significantly increased fMRI signal-noise ratio permitted reliable detection of stimulus-evoked activation at the individual subject level. We have shown previously that fMRI and neuronal electrophysiological signals remained robust under the operation range of 0.8-1.2% isoflurane in our experiments (Chen et al., 2011 Wang et al., 2013; Zhang et al., 2007) . Nevertheless, the directions of information flow and neuronal response features of heat-evoked fMRI signal changes, as well as the signal fluctuations of the rsfMRI signals in these regions, remain to be further established.
Conclusions
Similar to the observations in human fMRI studies, we detected heat nociceptive stimuli-related fMRI activation in widespread brain regions bilaterally. Subsequent seed-based resting-state functional connectivity analysis identified two distinct and hierarchically organized nociceptive rsFC networks that are joined by the S2-pIns connection. The rsFC networks of S2 and pIns exhibited limited overlap, but their combined rsFC networks corresponded very well with nociceptive heat-evoked activation maps.
